Efficient detection and selection of reddish fruits against green foliage has long been thought to be a major selective pressure favoring the evolution of primate trichromatic color vision. This has recently been questioned by studies of free-ranging primates that fail to show predicted differences in foraging efficiency between dichromats and trichromats. In the present study, we use a unique approach to evaluate the adaptive significance of trichromacy for fruit detection by undertaking a functional substitution model. The color vision phenotypes of neotropical monkeys are simulated for human observers, who use a touch-sensitive computer interface to search for monkey food items in digital images taken under natural conditions. We find an advantage to trichromatic phenotypes -especially the variant with the most spectrally separated visual pigments -for red, yellow and greenish fruits, but not for dark (purple or black) fruits. These results indicate that trichromat advantage is task-specific, and that shape, size and achromatic contrast variation between ripe and unripe fruits cannot completely mitigate the advantage of color vision. Similarities in fruit foraging performance between primates with different phenotypes in the wild likely reflect the behavioral flexibility of dichromats in overcoming a chromatic disadvantage.
Introduction
The color discrimination ability of most humans and many other primates exceeds that of other mammals and is believed to be an adaptation for finding reddish food items, such as ripe fruit. Yet surprisingly, neotropical monkeys possess remarkably variable color vision due to the persistence of a widespread, stable genetic polymorphism (Boissinot et al., 1998; Hiramatsu et al., 2005; Hiwatashi et al., 2010; Jacobs & Deegan, 2001 Mollon, Bowmaker, & Jacobs, 1984; Surridge and Mundy 2002; Talebi et al., 2006) . This presents a unique puzzle to evolutionary geneticists, behavioral ecologists, and anthropologists that remains open to extensive debate (see Jacobs, 2010; Kawamura et al., 2012; Lucas et al., 2007 for recent reviews). Studies on the functional consequences of this color vision variation are hindered by the methodological obstacles inherent with observations of non-human primates. Here, we introduce a novel method for investigating primate visual ecology -human functional substitution. This approach simulates, for color-normal human primates, the appearance of real-world targets (fruit) to monkeys with different color vision phenotypes and generates unique insights into the consequences of differing trichromatic and dichromatic visual phenotypes for the speed and accuracy of food detection.
Primate color vision
Primates are the most visually-oriented mammalian order (e.g. Heesy, 2009 ) and the derived characteristics of their visual system include trichromatic color vision. Whereas the majority of diurnal mammals have dichromacy via two retinal cone pigments, one short-wavelength sensitive (S) and the other sensitive to long-to-middle wavelengths (L/M), most primates possess an additional L/M photopigment. This reflects the duplication and divergence of the ancestral L/M opsin gene and results in an improved capacity to distinguish among red, orange, yellow and green hues (Dulai et al., 1999) . Primate trichromacy is widely believed to be a foraging adaptation wherein enhanced color vision is hypothesized to facilitate the discrimination of reddish ripe fruit (Mollon, 1991; Mollon, Bowmaker, & Jacobs, 1984; Osorio et al., 2004; Regan et al., 2001; Smith et al., 2003b; Sumner & Mollon, 2000) or young leaves (Dominy & Lucas, 2001; Lucas et al., 2003) from mature green foliage. Because color vision provides luminance-independent chromatic contrast, it is especially useful for object detection in environments with variable illumination, such as tropical forests where down-welling light is dappled by the trees (Mollon, 1989) . Intriguingly, primate color vision is highly variable both between and within species. The L/M opsin polymorphism of most neotropical monkeys is X-linked, such that only heterozygous females possess trichromatic color vision. In the tri-allelic system characterizing many species, the photopigments have peak sensitivities (k max ) that range from relatively green-shifted ($530 nm) to red-shifted ($560 nm) (Jacobs & Blakeslee, 1984; Mollon, Bowmaker, & Jacobs, 1984; Saito et al., 2005a) . Among the possible trichromatic phenotypes, the variant with the most spectrally separated L/M photopigments (530 nm and 560 nm) is believed to be most favorable, as it allows the widest range of chromatic discriminations (Osorio et al., 2004; Rowe & Jacobs, 2004) . By the same reasoning, among dichromats (males and homozygous females) the red allele is suggested to be the most favorable variant as it is the most spectrally separated from the S photopigment (420 nm) common to all individuals. Compellingly, the red-shifted allele is often found at the highest frequency in wild populations (Hiramatsu et al., 2005; Surridge & Mundy, 2002; Surridge et al., 2005) , but see (Cropp, Boinski, & Li, 2002) .
Tests of the trichromatic advantage hypothesis, which predicts the highest foraging efficiency and implicitly the highest fitness to trichromatic primates, include theoretical models of primate visual perception (Osorio et al., 2004; Regan et al., 2001; Smith et al., 2003b; Sumner & Mollon, 2000; Vorobyev, 2004) . These studies have demonstrated that primate cone photopigment sensitivities are optimized for discriminating ripe fruits from leaves. Behavioral experiments with captive New World monkeys provide an additional line of supportive evidence. Caine and Mundy (2000) and Smith et al. (2003b) have found that trichromatic callitrichid monkeys (Callithrix, Saguinus) located yellowish or reddish food targets against a green background more quickly than their dichromatic cohorts. However, while some studies on free ranging primates hint at foraging advantages of trichromacy (Bunce et al., 2011; Melin et al., 2009; Smith et al., 2003a) convincing accounts are lacking, and other studies find no effect of color vision phenotype on fruit feeding rates Vogel, Neitz, & Dominy, 2007) . This has led researchers to question the practical utility of color vision for foraging among wild primates and suggest that non-chromatic visual differences between target and background, including size, shape and luminance contrast, are generally sufficient for food detection and evaluation.
Yet before an adaptive explanation for trichromacy during fruit foraging is discarded, it is important to consider the limitations of behavioral studies, especially those in the field where many variables cannot be controlled. For example, researchers cannot actually know when a monkey has seen an object; visual detection must be inferred by observing the monkey's gaze and subsequent actions, such as food handling. As a result, decisions to pass over a potential food item after a quick visual assessment may be missed. Furthermore, if burdened by deficient color vision, dichromatic primates are expected to have adopted successful coping strategies. Among humans, luminance contrast is important to all observers for discrimination of form, depth and movement (Livingston, 2002; Logothetis et al., 1990) , but even more so for color deficient observers. For example, people with color vision deficiencies rely more heavily on achromatic cues to identify objects (Ramaswamy & Hovis , 2011) , a tactic that allows them to break color camouflage more efficiently (Morgan, Adam, & Mollon, 1992) . Similar results have also been obtained for non-human primates (Saito et al., 2005b) . Thus, trichromatic advantage could be hidden by observational limitations or successful counter-adaptation by dichromats. To overcome the difficulties associated with primatological field studies while maintaining biological relevance, we developed a new human functional substitution approach and testing paradigm to evaluate the effect of visual phenotype on foraging search tasks experienced by wild monkeys.
The human functional substitution model
Humans are readily able to complete computer-based trials under controlled conditions and ideal subjects for investigator-guided psychophysical studies of visual detection. Humans also make excellent monkey surrogates because they share the derived characteristics of anthropoid visual systems, including a cone-dense fovea with a macula lutea, a large binocular visual field, high acuity, and strong cortical representation of central vision (Ross and Kay, 2004; Ross and Kirk, 2007) . Using a custom-developed computer program, ''Color Vision Simulator'' (CVS), we adjusted the chromaticity of digital images to accord with the known photopic color sensitivities of the six different capuchin monkey phenotypes. This is based on the presumption that our method represents a reasonable first-order approximation of how food targets would appear to monkeys with differing color vision abilities. Participants located the target food items in these images using a touch-sensitive graphic tablet interface. This approach is similar to that adopted by others (Ramaswamy & Hovis , 2011; Rowe & Jacobs, 2004 , however we used digital images of naturally situated fruit scenes rather than geometric shapes to capture their real-world visual cues, including shape, size and orientation, in addition to chroma, as closely as possible. We based our simulations on a tri-allelic L/M opsin polymorphism, generating three possible dichromatic and three possible trichromatic phenotypes. For comparative purposes, we also simulated cone monochromacy (i.e., complete colorblindness) and recruited a small sample of naturally color-deficient humans.
Our aim was to assess how color vision phenotype impacts detection speed and accuracy of locating the food targets that monkeys search for in the wild. We expected that simulated trichromats would be faster and more accurate than simulated dichromats for detection tasks where the targets differ from background leaves in long wavelength hues (i.e. reddish or yellowish fruits), but not for targets that are of similar hue to the background foliage (greenish) or those that differ strongly in achromatic contrast from leaves (dark fruits). We further hypothesized that the trichromatic phenotype with the widest spectral separation between cone pigments would be the most advantageous. Among the dichromats, we predicted that those with the most red-shifted photopigment would be the fastest and the most accurate for food item search. Finally, we anticipated that simulated dichromacy would be more beneficial than simulated monochromacy.
Methods

Study design
We chose to model the visual phenotypes and foraging tasks of capuchin monkeys (Cebus capucinus) in the tropical dry forests of the northwestern Costa Rica because their color vision (Hiramatsu et al., 2005; Melin et al., 2007; Vogel, Neitz, & Dominy, 2007) and frugivorous diet (McCabe & Fedigan, 2007 , in press, Parr, Melin & Fedigan, 2011 are well documented. The images used in all trials were digital photographs of fruits taken in situ in the Área de Conservación Guanacaste (ACG), Costa Rica using a Nikon D-90 10.0 megapixel digital SLR camera. The utility of such color-calibrated images to investigate color vision has previously been demonstrated (e.g. Parraga, Troscianko, & Tolhurst, 2002) . To standardize the camera's color rendering we followed the recommendations of Stevens et al. (2007) and Stevens, Stoddard, and Higham (2009) . White balance was set at the start of each photography session under natural illumination using the GretagMacbeth ColourChecker White Balance Card Ò . We used the standard 24 square GretagMacbeth Colour Chart Ò and PictoColour inCamera Plug-In for Photoshop Ò to generate a custom color profile for each image. All pictures were captured in RAW to avoid lossy image compression.
At the University of Calgary, we recruited 49 color-normal volunteers (7 participants for each of the 7 different color vision phenotype simulations) aged 18-33 years, and five naturally color-deficient volunteers, aged 19-45 years. Pre-testing for spatial vision and color vision was conducted using three brief, non-invasive tests: (1) custom near-distance, high (100%) and low (20%) contrast Landolt-C acuity charts; (2) the Farnsworth D-15 color arrangement test; and (3) the Vistech VCTS 6000 near contrast sensitivity test. Participants were tested with their habitual (i.e., presenting) near visual correction, such as glasses or contact lenses, if any. Acuity was measured to the nearest 0.1 arcmin, and our criterion for acuity cutoff was the lowest line at which the participant identified all 5 targets correctly. Color deficiencies among the volunteers were diagnosed according to the criteria of the Farnsworth D-15 test for dichromacy. The ambient luminance levels (100-200 cd/m 2 ) employed in during testing were similar to those encountered in everyday office and computer tasks.
The search scenes were presented on a Wacom Cintiq UX21 touch-sensitive display under the control of an Apple PowerMac G5 dual processor computer and custom CVS color transform software. Participants indicated target food item screen location(s) on the display using the Cintiq display's touch-screen stylus. Scenes were viewed from a chin and forehead rest to maintain the 40-cm viewing distance.
Search scene color transformations
The CVS application has two main functionalities: (1) to handle the color transformation of the images; and (2) to record the detection speed and accuracy with which participants locate predefined targets in each scene. Color-normal participants were assigned scenes transformed for either the monochromatic phenotype or one of the six capuchin monkey phenotypes (Table 1 ) on a fixed rotation. Participants were not informed of their simulated phenotype until testing was completed. The five congenitally color-deficient participants were tested without any color transformation. This component of the research was conducted in the Vision & Aging Lab at the University of Calgary.
To generate the test stimuli, CVS performs a pixel-by-pixel color transformation for each image by shifting the hue and saturation coordinates from the color space of a color-normal human to that of a simulated monkey phenotype. A flow chart of this process is provided in Supplementary Fig. 1 . The user inputs the k max values of the source (human trichromat) and target (simulated trichromatic, dichromatic or monochromatic) phenotype, which the program uses to generate shifted photopigment sensitivity curves according to Function 1, a 4th order Gaussian function where n = k max of the photopigment, s is a polynomial function (s = 1.626 À05 n 2 À 0.01319n + 3.343), and for the ith occurrence, the values of a, b and c are adjusted according to the values in Supplementary Table 1 .
This function best fits the overall shape of photopigment sensitivity curves derived from the perceptual 10°cone fundamental data, with the effects of macular and lens filtering removed (Bone, Landrum, & Cains, 1992; Stiles & Burch, 1959; Stockman & Sharpe, 2000; Stockman, Sharpe, & Fach, 1999) . Each photopigment sensitivity curve is generated with the same shape. Idealized cone fundamentals are then recreated for the source and target phenotypes using the generated sensitivity curves and a composite pre-receptoral filter (defined as the difference between the generated photopigment curves and the 10°human cone fundamentals). The different photopigment types are presumed to contribute equally to the perception of a white light source, and the response curves are normalized so that the sensitivity at each wavelength is expressed as a proportion of the maximum sensitivity for the relevant receptor type. This method assumes that the standard human observer cone fundamentals are reasonably good estimates for non-human primates.
Using the idealized cone fundamentals, and based on standard daylight (D65) illumination, the program generates a color space table for the source and target phenotypes that lists the relative sensitivities of the component photopigments to each wavelength in 1 nm increments -intermediate values are derived from the table via linear interpolation. For each image in the trial, the starting RGB values for each pixel are converted to chromaticity and intensity (luminance) values. The chromaticity values are located in the source color space table to find the predominant hue (wavelength); the saturation value is determined by the relative distance of the chromaticity value from the white point. The hue value is then located in the target color space table, and the target saturation value is projected from the white point, to find the modified chromaticity values. An inverse transformation to the new RGB color space generates the task stimulus. The luminance values are held constant during this process. In the case of monochromatic simulations, only the luminance values of each pixel are used to generate gray-scale images. Examples of an original image and three color transformations are presented in Fig. 1. 
Trials
Participants were shown a sample target (ripe fruit) for 3 s and asked to locate similar targets in the subsequently presented natural scene image. A minimum of 2 and maximum of 7 correct responses was required for any scene. Each trial lasted until the designated number of correct targets was located, or a maximum duration of 90 s. The time at each response as well as the trial duration were recorded automatically. Response feedback was provided on each trial. After a correct response, a circle appeared around the target along with a number indicating how many targets remained to be found; a high-pitched tone was also sounded to provide acoustic feedback. For incorrect responses, the participant would hear a low-pitched tone. Before testing began, participants completed a training demonstration for each target type and could repeat the demonstration until they reported that they completely understood the task.
Images of the fruits from 12 dietary species (Table 2) , three images per species, for a total of 36 images were presented in random order. The color categorization of each fruit target as reddish, yellowish, greenish or dark (black or deep purple) was assigned by a color-normal human trichromat and validated by examination of the reflectance spectra for each of these species obtained previously at the field site (Melin et al., in press ). Examples of fruit from each category and the associated reflectance values are shown in Fig. 2 . To be representative of a capuchin close-distance foraging task, the targets were presented at life-size for a viewing distance of 40 cm. Correct targets (ripe fruit) and incorrect targets (unripe fruits and background leaves) were coded prior to testing for each image. Although subjective, fruit ripeness assignment was based on extensive prior field experience with these plant species. For species with visually-cryptic ripeness (remained green throughout ripening) all fruit targets were considered to be correct, but incorrect (i.e., background element) responses were still possible for these scenes.
Analyses
Since foraging efficiency is affected by the speed and accuracy of food detection, both variables were measured in this study. Detection speed was measured as the latency to identification of the first correct target and detection accuracy as the proportion of correct out of total responses. We used general (latency analysis) or generalized (proportion correct, binomial link) linear mixed models and included vision phenotype and fruit color as independent variables. Observer ID was also included as a random variable to control for inter-individual variation in task performance. When required, we introduced an observation-level random effect to control for data overdispersion. Our latency data were initially left-skewed; therefore, we used a box-cox transformation prior to analysis to satisfy the model assumptions of normalcy and homogeneity of variance. To assess the effect size of the differences between phenotypic groups, we calculated Cohen's d value, where d 6 0.20 is generally considered to be a small effect, 0.20 < d < 0.80 is a moderate effect, and d P 0.80 is a large effect (Cohen, 1992) .
For each analysis, we first ran the model on the complete data set to determine whether phenotypic performance varied with fruit color (i.e., a significant interaction). We then examined the results of each fruit color separately and compared the overall performance of simulated trichromats (all subtypes) to simulated dichromats (all subtypes). We additionally performed comparisons within each phenotype group -i.e. among the three simulated dichromacies and among the three simulated trichromacies. Simulated dichromats were also compared to simulated monochromats as a measure of the impact of complete colorblindness. Finally, we compared the simulated dichromats to the congenitally color-deficient humans to estimate the effects of life-long vs. recent dichromatic experience. Thus, we performed nine comparisons and in accordance with the Bonferroni correction to limit the potential for false positive results, only p-values < 0.006 were considered significant. Data analyses were performed in the R analysis application using the lmer and glmer packages. Variation among participants in spatial vision abilities could affect their ability to perform the target detection tasks in our study. Therefore, we calculated and compared among individuals assigned to different color vision phenotypes five measures of spatial vision that were derived from the result of prescreening tests: (1) high contrast binocular acuity, (2) low contrast binocular acuity, (3) peak binocular contrast sensitivity, (4) mean binocular contrast sensitivity and (5) log average contrast sensitivity.
Results
For each of the four categories of fruit (red, yellow, green, dark) there were 486 total observations possible (i.e., 54 participants Ã 3 images per species Ã 3 species per category). One participant aborted the trial early, leaving two images of dark fruit untested resulting in a total of 484 observations for the dark category. All other images were successfully completed.
Spatial vision
We found no significant differences for any of the five measures of spatial vision across the different phenotypic groups. Mean values were within the normal range for healthy young adults for each group.
Detection speed
We found a significant interaction between fruit color and vision phenotype in the latency to detect the first correct target (Likelihood Ratio Test; X 2 = 100.07, df = 28, p < 0.001). Differences among phenotypes were most evident for red fruits and yellow fruits (Fig. 3) . Simulated trichromats were significantly faster than simulated dichromats in locating both red fruits (t = 9.46, df = 478, p < 0.0001; Cohen's d = 0.43) and yellow fruits (t = 5.38, df = 478, p < 0.0001; Cohen's d = 0.55). Although there was also trend for the trichromats to find green fruits more quickly (t = 2.54, df = 478, 0.0114; Cohen's d = 0.22), it did not meet the Bonferroni-adjusted criteria for significance. While simulated dichromats and trichromats were similar in the detection speed for dark fruits, participants with simulated monochromacy were significantly slower than those with simulated dichromacy ( Fig. 3 ; t = 5.78, df = 476, p <0.0001; Cohen's d = 0.54). Congenitally dichromatic humans did not differ significantly from simulated dichromats in latency to detect fruits of any color.
Within the subtypes of simulated dichromacies and trichromacies, two significant differences were seen. The participants who were assigned the dichromatic phenotype with the intermediate sensitivity peak (k max 545 nm) located red fruits significantly faster than the dichromats with the long-wave shifted (k max 560 nm) phenotype (t = 3.17, df = 478, p = 0.0016; Cohen's d = 0.42). For detecting yellow fruits, the participants who were assigned the red-shifted (k max 545-560 nm) trichromatic phenotype were significantly slower than the green-shifted (k max 530-545 nm) trichromats (t = 2.99, df = 478, p = 0.0030; Cohen's d = 0.41). None of Fig. 2 . Examples of images used in this study and reflectance spectra for the four categories of ripe fruits and associated leaves: (a) red, Allophylus occidentalis, (b) yellow, Casearia arguta, (c) green, Ficus morazaniana, (d) dark, Karwinskia calderoni. Photographs were taken on-site in Costa Rica using a Nikon D-90 digital SLR camera, and reflectance spectra were measured in previous research in press) using a portable USB-4000 spectrophotometer (Ocean Optics Inc.). The Y-axis of the spectra is % reflectance and the X axis is wavelength in nm.
the other comparisons among phenotypic subgroups were significant.
Detection accuracy
As with detection speed, a significant interaction between fruit color and vision phenotype (Likelihood Ratio Test; X 2 = 128.53, df = 28, p < 0.001) was observed in the proportion of correct to incorrect responses (Fig. 4) . Once again, the largest differences between simulated dichromats and trichromats were seen for red fruits (t = 26.4, df = 478, p < 0.0001; Cohen's d = 1.45) and yellow fruits (t = 8.23, df = 478, p < 0.0001; Cohen's d = 0.81). Counter to hypothesis, however, trichromats were also significantly more accurate in detecting green fruits (t = 9.34, df = 478, p < 0.0001; Cohen's d = 0.52). Generally, the performance for correctly locating dark fruits was uniform and highly accurate. However, simulated monochromats were a clear exception to this pattern (Fig. 4d) and were signifi- Table 1 . M = monochromacy, DH = congenitally dichromatic human, D1 = green-shifted dichromacy, D2 = intermediate (yellow) dichromacy, D3 = red-shifted dichromacy, T1 = green-shifted trichromacy, T2 = red-shifted trichromacy, T3 = trichromacy with the widest spectral separation between cone photopigments. Fig. 4 . Proportion of correct to incorrect responses in images of (a) red fruits, (b) yellow fruits, (c) green fruits, (d) dark fruits. Abbreviations and phenotypic details are presented in Table 1 . M = monochromacy, DH = congenitally dichromatic human, D1 = green-shifted dichromacy, D2 = intermediate (yellow) dichromacy, D3 = red-shifted dichromacy, T1 = green-shifted trichromacy, T2 = red-shifted trichromacy, T3 = trichromacy with the widest spectral separation between cone photopigments. cantly less accurate than any of the other phenotypes (t = 20.13, df = 476, p < 0.0001; Cohen's d = 1.36).
Within phenotypic subgroups, observers assigned to the most spectrally separated trichromatic phenotype (k max 530-560 nm) were more accurate than those with the red-shifted (545-560 nm) phenotype for locating red (t = 3.67, df = 478, p = 0.0003; Cohen's d = 0.33), yellow (t = 3.14, df = 478, p = 0.0018; Cohen's d = .35) and green fruits (t = 5.15, df = 478, p < 0.0001; Cohen's d = 0.44). The simulated green-shifted (530-545 nm) trichromats were also more accurate than the red-shifted (545-560 nm) phenotype for yellow fruits (t = 3.29, df = 478, p = 0.0011; Cohen's d = 0.37) and green fruits (t = 4.03, df = 478, p = 0.0001; Cohen's d = 0.27). No significant differences in accuracy were seen among the variants of simulated dichromacies. However, the participants with congenital dichromacies were significantly more accurate than simulated dichromats for discriminating red fruits (t = 4.06, df = 478, p < 0.001; Cohen's d = 0.50).
Discussion
Color vision and detection of conspicuous fruits
The present study utilized a functional substitution model of monkey color vision to investigate the effect of vision phenotype on speed and accuracy of fruit detection in natural scenes. As predicted, individuals with simulated trichromacies were consistently superior in locating conspicuously colored (yellow, red) ripe fruits. This pattern held across both measures of search efficiency: latency to detect the first correct target and the proportion of correct to incorrect responses. Our results suggest that trichromatic color vision may indeed confer an advantage to monkeys in overcoming the types of visual search problems that they face routinely in nature. In accordance with the results of this study, studies on wild primates have found that trichromatic monkeys are more accurate than dichromats in selecting edible red fruits (Melin et al., 2009) . It is therefore surprising that they do not feed at faster rates than do dichromatic group members Melin et al., 2009; Vogel, Neitz, & Dominy, 2007) .
The absence of observable differences in feeding rates among wild primates with different vision phenotypes may be due to successful behavioral compensation by dichromats. Compensation could occur via one or more of the following mechanisms: (1) increased use of non-visual senses such as touch, smell or taste to assess fruits; (2) increased fruit handling rates to encounter the same number of edible fruits per unit time as do trichromats; or (3) increased ingestion rates of lower-quality (i.e. unripe) fruit. In support of the first mechanism, Melin et al. (2009) have found that dichromatic capuchins sniff fruits more often and have foraging sequences involving more sensory modalities than trichromats do. Yet the idea that dichromats exhibit behavioral flexibility to overcome visual deficiencies has received scant attention overall. Presumably, the proposed compensatory techniques would have associated costs, such as increased energy expenditure or ingestion of tannins or other undesirable compounds. Furthermore, these compensatory mechanisms would operate under situations of close range food selection, and recent studies emphasize the importance of long-distance detection of resources as a selective pressure operating on trichromacy (Bompas, Kendall, & Sumner, 2013; Bunce et al., 2011; Melin et al., in press ). We anticipate that careful assessment of long range search tasks for conspicuous foods in wild primates will provide additional insight and will be a worthwhile prospect for future evaluation.
Color vision and detection of cryptic and dark fruits
Counter to expectation, simulated trichromats also outperformed other phenotypes when searching for greenish fruits, suggesting that they were better able to discriminate them from surrounding leaves. We explored this further by analyzing the chromaticity of the fruits and leaves in capuchin color space (Bompas, Kendall, & Sumner, 2013; Hiramatsu et al., 2008; Sumner & Mollon, 2000; Fig. 5 ) using reflectance spectra previously measured on-site in Costa Rica Melin et al., in press ). The quantum catches of the photoreceptors were based on the D65 illuminant used in this study. Data were plotted in a form analogous to the MacLeod and Boynton chromaticity diagram for humans (MacLeod & Boynton, 1979) consisting of the redgreen (L/(L + M)) chromaticity axis unique to trichromats, and the blue-yellow (S/(L + M)) chromaticity axis possessed by both diand trichromats. We also plot the achromatic luminance channel, (sum of L + M cone quantum catches relative to a white surface with 100% reflectance), against the blue-yellow chromaticity axis. Although plotted in trichromatic space, the blue-yellow chromaticity and luminance axes are virtually identical to their distributions in dichromatic color space.
In accordance with our experimental results and a close-distance discrimination advantage, the red-green chromaticity of greenish fruits differed from the upper surface (all species) and lower surface (two of three species) of background leaves (Fig. 5a) . However, the larger overlap of green fruits with the red-green chromaticity of leaves from a broader range of species (Fig. 5c) suggests that long-distance detection of trees producing greenish fruits amidst a heterogeneous forest would be difficult. In accordance with expectation, reddish and yellowish fruits were well separated from all leaves along the red-green chromatic axis (Fig. 5c) , and dark fruits differed from leaves along the luminance axis (Fig. 5d) . Overlap between leaves and fruits was extensive in blue-yellow chromaticity. In sum, the chromaticity data support the interpretation that trichromats would have an advantage over dichromats in locating greenish as well as reddish and yellowish fruits from leaves, while luminance data would be useful to both di-and trichromats for detecting dark fruits.
Traditionally, researchers have considered greenish fruits to be equally discriminable to trichromats and dichromats and have not explored the potential for trichromat advantage in foraging on such ''cryptic'' fruits. Yet the performance of simulated trichromats in this study, as well our chromaticity analyses, emphasizes the need for reconsideration of trichromatic ability to detect greenish fruits amidst leaves at close distances. If trichromatic monkeys have a perceptual advantage for fruits traditionally considered cryptic, this would further increase the potential ecological selective pressures favoring trichromatic color vision.
Despite several advantages in fruit search, the trichromatic advantage was not ubiquitous. Dichromats and trichromats did not differ in speed or accuracy when searching for dark fruits. Achromatic contrast thus facilitates fast and accurate identification by dichromats and trichromats alike. Other studies also report an absence of trichromat advantage during insect gleaning (Melin et al., , 2007 , particularly for camouflaged insects (Smith et al., 2012) and under low light levels (Caine, Osorio, & Mundy, 2010) . Given that any trichromatic advantage is seemingly task-specific, assessing the relative dietary importance of dark fruits, as well as different insect types, and whether these species act as keystone or fallback foods at different times of the year, will improve our understanding of the selective pressures operating on vision polymorphisms in natural populations.
Differences across phenotypic types
When differences within color vision types were present, the trichromatic phenotype with the greatest spectral separation between L/M photopigments (i.e. the 530-560 nm variant) generally had the highest search success. This pattern is consistent with the findings of prior studies (Melin et al., 2009; Osorio et al., 2004; Rowe & Jacobs, 2007) indicating that larger separations in cone sensitivities are beneficial for chromatic discrimination. Contrary to our prediction, however, we found that the red-shifted phenotypes (i.e. the 560 nm dichromats and 545-560 nm trichromats) were at a greater disadvantage than the green-shifted phenotypes. This is congruent with the results of prior functional simulation studies (Rowe & Jacobs, 2004 and also with a behavioral study of free-ranging primate foraging efficiency (Melin et al., 2009) . Taken together, these findings suggest that the prevalence of the red allele in wild populations may be due to the advantage of increased spectral separation among trichromats alone. However, the illumination conditions in natural environments may differentially impact monkeys with different color vision types. For example, Regan et al. (2001) suggest that red-shifted phenotypes would be advantaged under bluish canopy shade, while greenshifted phenotypes would benefit from the deep green light found near the forest floor, and open-canopy cloudy conditions. To our knowledge, no study has yet evaluated these micro-habitat effects on the foraging performance of wild primates.
Monochromacy
Given its absence in diurnal primate species, it is unsurprising that the monochromatic phenotype was not advantaged in any scenario modeled in this study. Monochromacy was especially debilitating in the search for dark-colored fruit species. Because dark fruits would, by definition, be detectable by monochromats, the absence of color vision likely restricts efficient elimination of the background stimuli from the search.
Our results underscore the importance of chromatic vision for food search under the diurnal conditions present in this study. Future research aimed at evaluating performance under mesopic conditions could inform the ongoing debate over the utility of dichromatic vs. monochromatic vision to primates active under twilight and moonlight, conditions potentially bright enough to support mammalian cone function (Kelber & Lind, 2010; Melin et al., 2012; Roth, Balkenius, & Kelber, 2008; Veilleux & Cummings, 2012) . Obstacles to this research include representing mammalian color sensitivities accurately under low illuminance conditions (Kelber & Lind, 2010) and either obtaining high-resolution photographs in low-light, or modifying photopic photographs to accurately simulate mesopic conditions.
Real vs. simulated color vision deficiencies
Observers diagnosed as congenital dichromats during prescreening performed comparably overall to those with the simulated dichromacies. The congenitally color-deficient men in our study were, however, more accurate than the ''new'' dichromats on several food search tasks. We cannot rule out the possibility that the congenital color deficiencies were less severe than the simulated dichromacies. However, alternative explanations represent possible limitations of a short-term functional substitution approach for understanding fully the effects of color vision deficiencies on long-term performance in the natural world.
Observers with life-long dichromatic experience may compensate more readily for their color vision deficiency by attending to the achromatic or size variation between ripe and unripe fruits. The better performance of human dichromats could also reflect long-term adaptation or contrast gain effects in the cones or the post-receptoral mechanisms that mediate color vision. For example, the age-related reduction in short-wavelength retinal illuminance due to lenticular yellowing might be expected to alter the achromatic locus in the CIE color space. To address this, Webster, Juricevic, and McDermott (2010) simulated the changes in the color appearance of outdoor scenes that would result if the cones and post-receptoral mechanisms adapted to age-related lenticular yellowing, macular pigment screening or anomalous trichromacy by rescaling their sensitivities in response to the associated changes in spectral excitation. Indicative of the important compensatory role of long-term adaptation, the differences in the color appearance of the scenes were markedly attenuated relative to those observed in simulations of spectral sensitivity differences alone. The authors do note, however, that a color dimension that is completely lost, as occurs in dichromacy, cannot be recovered by adaptation. While differences in adaptation might account for the slightly better performance of our congenital dichromats, the trichromatic phenotypes consistently outperformed all dichromats in visual search for red and yellow fruits, and occasionally for green fruits. This finding highlights the importance of long-wavelength chromatic information for these detection tasks.
Summary and conclusions
We employed a functional substitution method to simulate the six color vision variants (3 dichromatic and 3 trichromatic) possessed by capuchin monkeys for color-normal humans. Additionally, we recruited naturally color-deficient men and simulated a monochromatic phenotype to serve as controls. Participants were asked to locate fruits of various colors against their natural backgrounds within scenes that depicted those that free-ranging monkeys encounter during close-distance foraging. Simulated trichromats were broadly advantaged over both simulated and congenital dichromats for red fruits and yellow fruits. Surprisingly, simulated trichromats were also more accurate in detecting greenish fruits. Individuals with simulated monochromacy were often disadvantaged relative to other phenotypes and this was most strongly evident for dark fruits. Our findings are largely consistent with hypotheses predicting a trichromat advantage for frugivory, and we suggest that the lack of difference in feeding rate reported for dichromatic and trichromatic monkeys in the wild indicates behavioral compensation by dichromats during close-range foraging. Systematic exploration of this compensation and associated costs may generate new insights, and we suggest some potentially profitable avenues for future investigation.
